Membrane-derived oligosaccharides (MDO) are glucose-containing constituents of the periplasmic space of Escherichia coli whose biosynthesis is closely linked to the metabolism of membrane phospholipids. A periplasmic enzyme has now been discovered that catalyzes the transfer of phosphoglycerol residues between species of MDO or to certain glucose-containing model substrates such as gentiobiose (6-0-AD-glucopyranosyl-D-glucose). The partially purified enzyme has an apparent molecular weight ofabout 56,000 in gel permeation chromatography, and has an absolute requirment for divalent cations, ofwhich Mn2+ is most active. Although the transferase activity appears to be the physiological function ofthe enzyme, at low concentrations of acceptor, the enzyme (Enz) acts as a cyclase, with the liberation of cyclic 1(3),2-phosphoglycerol, suggesting the following mechanism: 1 MDO-P-glycerol + Enz _± Enz-P-glycerol + MDO 2 I Slow Enz + cyclic P-glycerol.
Membrane-derived oligosaccharides (MDO) are constituents of the cell envelope ofGram-negative bacteria (1) . They are absent from Gram-positive organisms thus far tested. The MDO of Escherichia coli constitute a closely related family ofcompounds containing about 8-10 glucose units in a highly branched structure linked by f3-1--2 and P-1-*6 bonds (2). The glucose residues are substituted with various amounts of sn-l-phosphoglycerol and smaller amounts ofphosphoethanolamine residues in phosphodiester linkage on the 6 position of certain of the glucose residues. Some species of membrane-derived oligosaccharide also contain succinate in O-ester linkage. The varying pattern of substituents on the oligosaccharide structure gives rise to subfractions of MDO that can be separated on anion-exchange columns on the basis of their various net negative charges (3) .
The MDO of E. coli are localized in the outer envelope of this organism, in solution in the periplasmic space (1) . Phosphoglycerol and phosphoethanolamine are continuously transferred from the membrane phospholipids to the MDO, accounting for about 90% of the observed turnover of the membrane phospholipids (4) . Although the function of MDO is presently unknown, their general occurrence in Gram-negative bacteria, their high concentration in the cell envelope, and their intimate relationship to the metabolism of membrane lipids suggests that they play an important role in some process localized in the outer envelope of Gram-negative bacteria.
We now report the discovery of a periplasmic enzyme in E. coli that catalyzes the interchange of sn-l-phosphoglycerol residues between MDO molecules. Although the transferase activity appears to be the physiological function of the enzyme, when the enzyme is incubated with MDO of high specific activity and low concentration, so that the acceptor sites are not saturated, free cyclic phosphoglycerol is liberated. These results suggest the following tentative scheme for the action ofthe enzyme (Enz).
MDO-P-glycerol + Enz a Enz-P-glycerol + MDO a 2 [1] Enz + cyclic P-glycerol.
MATERIALS AND METHODS
Preparation of Labeled Substrates. Membrane-derived oligosaccharides were prepared from cells of E. coli by procedures based on those of van Golde et at (3) . MDO fraction A-1 was reduced with tritiated sodium borohydride and treated with alkali to eliminate phosphoglycerol residues (5). After purification on Sephadex G-25, the reduced [3H]MDO so obtained was used as acceptor in the transferase assay described below.
MDO containing phospho[3H]glycerol residues of high specific activity were prepared by growth of cells of strain 205 on [2-3H]glycerol essentially as described (3) . This material was used as substrate in the hydrolase assay, and as donor oflabeled phosphoglycerol residues in the transferase assay.
Preparation of Enzyme. Frozen cells (600 g) of E. coli K-12 (Grain Processing Corp., Muscatine, IA) were thawed and suspended in 2 liters of 10 mM Tris HCl buffer, pH 7.8, containing 4 mM 2-mercaptoethanol (buffer I). The cells were ruptured by repeated passage through a Manton-Gaulin homogenizer. After centrifugation at 100,000 x g for 1 hr, the supernatant solution was fractionated with ammonium sulfate. Fractions precipitated between 0.30 and 0.50 saturation and 0.50 and 0.60 saturation contained the phosphoglyceroltransferase.
The 0.30-0.50 saturated ammonium sulfate fraction was dialyzed against buffer I and stored at -30'C. A portion (40 ml; 40 mg of protein per ml) was passed over a column of DEAEcellulose equilbrated with buffer I. The column was washed with 60 ml of buffer I. The enzyme was then eluted with 0.1 M KC1 in buffer I in a single step. About 80% ofthe activity was recovered in four fractions (5 ml each) appearing immediately after the front of 0.1 M KC1. This procedure led to purification of about 8-fold. This procedure led to a purification of about 10-fold.
In both the transferase and the hydrolase assays, the response was not linear with added enzyme, as described below, and the activity of partially purified fractions was estimated from empirical curves. The degree ofpurification is therefore somewhat uncertain, but it is estimated that the enzyme after passage over Ultrogel Aca 44 was purified about 100-fold with respect to the cell-free homogenate.
Cyclic Phosphoglycerol Assay. At low concentrations of acceptor MDO, the periplasmic enzyme catalyzes the cleavage of phosphodiester bonds in donor labeled MDO, with the formation of cyclic phosphoglycerol as indicated in scheme 1 above. The cyclic phosphoglycerol so liberated is not adsorbed on charcoal under conditions in which MDO are quantitatively adsorbed. The standard incubation system contained 50 mM Tris HCl buffer at pH 7.8, bovine serum albumin (2.5 mg/ml), MnCl2 (0.25 mM), and MDO-P-[3H]glycerol (3 A.M, 85,000 cpm/nmol). The final volume of the system was 0.20 ml. After the addition of enzyme, the samples were incubated at 370C for 2 hr, after which 1 ml of a suspension containing 20 mg of Norit A charcoal was added. The samples were thoroughly agitated with a mechanical mixer four times during a 10-min period. The charcoal containing the radioactive MDO was removed by centrifugation, and the radioactivity in a sample ofthe supernatant, containing the phosphoglycerol liberated by the enzyme, was measured in a scintillation counter. A unit of activity was arbitrarily defined as the amount of enzyme leading to the liberation of 1% ofthe added radioactivity. Values so obtained were corrected for the small amount of radioactivity not adsorbed on charcoal in incubation mixtures to which no enzyme was added.
In this assay (and in the transferase assay described below) the activity was not a linear function of the amount of added enzyme, as indicated by the experiment of Tris HCl buffer at pH 7.8 (15 mM), MnCl2 (0.25 mM), acceptor neutral [3H]MDO of specific activity 8000 cpm/nmol (6 ,uM) , and donor unlabeled MDO offraction A-1 (0.25 mM). The final volume of the system was 0.20 ml. After addition of enzyme, tubes were incubated at 370C for 2 hr. The reaction was stopped with 1.0 ml of a slurry containing 0.50 ml of DEAE-cellulose. The tubes were mechanically shaken for 30 min at 250C to adsorb anionic species ofMDO. The sample was then diluted with 3.0 ml of water, and the tubes were centrifuged. The DEAEcellulose-containing pellet was washed three times with 5 Table 2 , glucose and a number of glucose-containing The product of the phosphoglyceroltransferase reaction was purified by chromatography on DEAE-cellulose and then treated with phosphodiesterase II from A. niger, purified alkaline phosphatase from E. coli, or both enzymes, using described procedures (6) . The percent degraded to neutral MDO was then tested after passage over 1-ml columns of DEAE-cellulose. disaccharides were tested for the ability to compete with labeled MDO in the transferase reaction. Glucose and several disaccharides when tested at a concentration of 5 mM led to some reduction in the conversion oflabeled, neutral MDO to anionic species. In contrast, at this concentration gentiobiose (P-D-glucopyranosyl-1-*6-D-g1ucose) proved to be a much more effective competitor. Further tests revealed that the inhibition by gentiobiose was competitive, with 50% inhibition at about 0.8 mM. Work described below leads to the conclusion that gentiobiose is a substrate for the enzyme, with a Km, ofabout 1 mM.
Because phosphoglycerol residues in MDO are attached to the 6 position of glucose residues (5) and the 6 position of the reducing glucose of gentiobiose is blocked, these results lend some support to the hypothesis that phosphoglycerol residues are added to the 6 position of nonreducing termini in MDO, linked f-1--6 to the oligosaccharide structure.
Requirement for Divalent Cation. When an enzyme preparation partially purified by chromatography on DEAE-cellulose but not subjected to treatment with EDTA was tested in the transferase assay, a high level of activity was seen in the absence of any added divalent cation (Table 3 ). The addition of EDTA to the assay system almost abolished activity. Of various divalent cations tested, manganese was most effective, restoring activity to a level higher than that seen in the unsupplemented control. We conclude that the enzyme strongly binds a divalent cation that is needed for activity, probably manganese.
Hydrolase Reaction. Under the conditions ofthe transferase assay, no liberation of phosphoglycerol or orthophosphate from the donor MDO could be detected by measurement of orthophosphate in the presence and in the absence of alkaline phosphatase, or by measurement of labeled low molecular weight products derived from MDO. In contrast, when the enzyme is incubated with MDO-P-[3H]glycerol of high specific activity and at low concentrations as described above for the hydrolase assay, free phosphoglycerol, which is not adsorbed on charcoal, is liberated (Fig. 1) . That the hydrolase reaction is catalyzed by 145 Phosphoglycerol transferase purified by chromatography on DEAEcellulose was tested in the standard transferase assay except that no metal ions or EDTA was added to the control tubes. All other tubes contained EDTA at 2.7 mM and added divalent cations at 3.3 mM as indicated.
Biochemistry: Goldberg et aL 5516 Biochemistry: Goldberg et aL the same enzyme as the transferase reaction is suggested by the fact that no separation of the two activities can be detected in the limited purification so far achieved. More convincing evidence comes from the experiment shown in Fig. 3 , in which the presence of unlabeled dephosphorylated acceptor MDO suppressed the hydrolytic release ofphosphoglycerol. The doublereciprocal plot (Inset) reveals that the half-maximal effect of unlabeled acceptor MDO is found at about 0.25 mM.
Gentiobiose, found to be a competitor with MDO in the transferase assay, also suppressed the release of cyclic phosphoglycerol, with 50% effect at about 1 mM gentiobiose, closely similar to the value observed in the transferase assay. The addition of gentiobiose to the system caused the appearance of a labeled product upon chromatography on Sephadex G-25 that is tentatively identified as gentiobiosephosphoglycerol. Gentiobiose is therefore thought to be a model substrate, competitive with MDO.
The complete suppression of the hydrolytic release of cyclic phosphoglycerol by added substrates of the transferase reactions strongly supports the view that both reactions are catalyzed by the same enzyme.
Identification ofCyclic Phosphoglycerol. The product ofthe enzymic cleavage of MDO-P-[3H]glycerol was identified as cyclic sn-1(3),2-phosphoglycerol by detailed comparison with authentic cyclic phosphoglycerol prepared by treatment of sn-1(3)-phosphoglycerol with dicyclohexylcarbodiimide in the presence of tri-n-butylamine as described by Smith et al. (7).
(i) When the 3H-labeled product ofthe enzymic reaction was mixed with authentic sn-3-[4C]glycerophosphate and chromatographed on a column of Dowex-1 formate, the principal peak emerged just prior to the "GC-labeled standard. The product is therefore clearly not a-glycerophosphate. Its chromatographic behavior on Dowex-1 formate was indistinguishable from that of authentic cyclic phosphoglycerol.
(ii) The product of the enzymic reaction after recovery from the Dowex-1 formate column was resistant to hydrolysis by pu- rified alkaline phosphatase, in procedures described by Kennedy et al. (5) under conditions in which a-and (-glycerophosphate are quantitatively hydrolyzed. The product is therefore not a phosphomonoester of glycerol.
(iii) Cyclic sn-1(3),2-phosphoglycerol, with its 5-membered ring, should be relatively labile to alkali, as shown by Khorana et al. (8) . A portion ofthe 3H-labeled enzymic product, isolated by chromatography on Dowex-1 formate, was treated with 0.1 M NaOH at 100°C for 10 min, a procedure shown to result in the quantitative conversion ofauthentic cyclic phosphoglycerol to phosphomonoesters.
A portion was neutralized, treated with alkaline phosphatase, and tested for the liberation of free glycerol essentially as described by Kennedy et aL (5) . Ninety-five percent of the alkalitreated product was cleaved by alkaline phosphatase. In a control sample, not exposed to 0.1 M NaOH, only 10% of the labeled glycerol was liberated by alkaline phosphatase.
(iv) A sample of the enzymic product, isolated by chromatography on Dowex-1 formate, was chromatographed on thinlayer silica gel plates (60 F-254; E. Merck, Darmstadt). The plate was developed in a solvent consisting of 35 parts of 1 M aqueous ammonium acetate and 65 parts ethanol (vol/vol) in an ascending system. The radioactivity was recovered in a single spot with RF of 0.83 indistinguishable from that-of authentic cyclic phosphoglycerol.
The principal product of the hydrolase reaction, on the basis of the above criteria, is cyclic phosphoglycerol. The stereochemistry ofthe cyclic product was not further investigated, but it is presumably cyclic sn-1,2-phosphoglycerol, because it has been shown that MDO contain only sn-l-phosphoglycerol residues (5) .
Smaller and variable amounts (10-30%) of monophosphoesters of glycerol, detected on the basis of their hydrolysis by alkaline phosphatase, were also found in the products of the enzymic reaction. It has not been established if these are primary products of the phosphoglyceroltransferase or represent secondary products of the cleavage of cyclic phosphoglycerol by contaminating phosphodiesterases.
Optimal pH. The enzyme was active between pH 6.5 and 8.0, with a rather broad optimum near pH 7.8 when tested with Tris buffers.
Periplasmic Lalization. Cells of strain A 324 were subjected to osmotic shock in a procedure closely similar to that of Nossal and Heppel (9) designed to liberate periplasmic proteins while cytoplasmic proteins are retained in the cell. About 60% of the demonstrable phosphoglyceroltransferase was liberated in the shock fluid. The specific enzyme activity of this periplasmic fraction was 10 times greater than that of sonicated cells: We conclude that the phosphoglycerol transferase is localized principally or entirely in the periplasmic compartment of the cell.
DISCUSSION
A working hypothesis outlining a possible pathway for the biosynthesis of membrane-derived oligosaccharides in E. coli is shown in Fig. 4 [8] [9] [10] glucose residues. We therefore suggest that the growing oligosaccharide chains are not free, but are bound to a carrier, perhaps a polyisoprenoid. Because of the complexity of the MDO oligosaccharide backbone, with both 3-1--+2 and (-1--+6
